ABSTRACT The phenology of parasitism of the cereal leaf beetle, Oulema melanopus (L.) (Coleoptera: Chrysomelidae) by Tetrastichus julis (Walker) (Hymenoptera: Eulophidae) was studied in small grain Þelds from 2000 to 2005 in northern Utah, after release and redistribution of the partially bivoltine larval parasitoid during the 1990s. Host larvae Þrst occurred in May, with peak infestation typically occurring in early to mid-June. Parasitism by overwintering females of T. julis was highest among earliest developing beetle larvae. Thereafter, rates of parasitism fell to low levels (5Ð10% or less) by the latter half of June, when heat accumulation had reached 280 Ð350 degree-days (based on a minimum threshold of 8.9ЊC). With the emergence of second generation parasitoids, rates of parasitism rose to levels approaching 100% among the relatively few late-developing larvae of O. melanopus. Clear and consistent differences over the years were not observed among different crops of small grains (barley, wheat, or oats) either in the phenology and intensity of beetle infestation, or in the rate of parasitism of beetle larvae. The rate of parasitism was especially high in 2005, and an increase in the minimum level of parasitism (observed each year at mid-season) was apparent over the course of the study. These results indicate that the parasitoid has become well established and seems to be continuing to increase in its impact on O. melanopus in northern Utah, despite a relatively hostile environment of crop management, wherein most Þelds are plowed and disked annually.
Introductions of host-speciÞc parasitoids against pest insects have yielded widely variable results, ranging from little or no impact to dramatic success stories (Van Driesche and Bellows 1996 , Matsumoto et al. 2003 , Murdoch et al. 2005 . Among the key factors that often determine the effectiveness of parasitoids in a given geographic region is the degree of synchrony between their life cycles and those of their hosts (Kuhar et al. 2001 , McCutcheon et al. 2004 , Morrison and Porter 2005 , Sadof and Snyder 2005 . Upon introduction, well synchronized parasitoids may have considerable impact on their hosts, but it is noteworthy that such impact nonetheless may often increase only slowly over an extended number of years (Harcourt 1990 , Shoubu et al. 2005 . Here, we examine the temporal dynamics, both within and among years, of an introduced parasitoidÕs interaction with the cereal leaf beetle, Oulema melanopus (L.) (Coleoptera: Chrysomelidae) after release and establishment of the parasitoid in Utah.
The cereal leaf beetle arrived in North America from Europe. It was Þrst identiÞed in 1962 in Michigan and rapidly became a major pest of small grains in eastern North America (Haynes et al. 1973 , Haynes and Gage 1981 , Harcourt et al. 1984 . In recent years, the beetle has continued to spread (Ihrig et al. 2001 , Buntin et al. 2004 , Olfert et al. 2004 . Several parasitoids of the beetle were imported from Europe (Dysart et al. 1973) , leading to considerable biological control of the beetle in north central North America Gage 1981, Ellis et al. 1988) .
Among the parasitoids introduced against the beetle, Tetrastichus julis (Walker) (Hymenoptera: Eulophidae), proved to be very effective (Stehr 1970 , Logan et al. 1976 , Harcourt et al. 1984 , Ellis et al. 1988 ). This host-speciÞc and gregarious larval endoparasitoid overwinters in the soil during the Þnal stadium, and it is partially bivoltine with a facultative diapause (Dysart et al. 1973 , Gage and Haynes 1975 , Harcourt et al. 1977 . Spring emergence of adults is well timed to attack early developing larvae of O. melanopus, whereas emergence of second generation adults results in substantial parasitism also of late-maturing host larvae (Dysart et al. 1973 , Gage and Haynes 1975 , Staines 1984 .
In a jump dispersal from its newly established range in eastern North America, O. melanopus was discov-ered in Morgan County, UT, in 1984 (Karren 1986 
Materials and Methods
Weekly censuses of Þelds in Cache County were conducted from May through July in each year from 2000 to 2005. At each census, four to six samples were taken at random locations in each Þeld. For each sample, foliage was inspected to record the numbers of eggs and larvae (and adults) of O. melanopus present along a 52-cm length of crop row (which translates to 0.09 m 2 , or 1 sq ft; also see Staines 1984 , Ihrig et al. 2001 . Once larvae of O. melanopus had developed to the fourth stadium, up to 30 (from 2000 to 2004) or 100 (2005) fourth instars were collected from each infested Þeld at each weekly census. The beetle larvae were dissected in the laboratory and scored for the presence of larvae of T. julis.
The number of Þelds sampled varied among years. For any given weekly census, the following numbers of Þelds were sampled (with largest numbers generally being sampled at peak beetle larval densities): 12Ð32 in 2000, 38 Ð95 in 2001, 53Ð79 in 2002, 38 Ð 61 in 2003, 27Ð 43 in 2004, and 10 Ð 42 in 2005 (these weekly censuses of multiple Þelds typically took 3Ð5 d to complete). The great majority of these Þelds in all years had been planted with barley in the spring. Seven to 17 study Þelds in any given year had been planted with wheat (in most cases, in the previous fall). Only a few of the study Þelds in each year were planted with spring oats, except in 2003 when four to 10 Þelds of oats were sampled at each census.
Mean densities of eggs and larvae of O. melanopus occurring on the host plants in each weekly census were determined by using individual Þelds as statistical replicates (means are expressed below as the numbers of eggs or larvae per 0.9 m 2 ). Seasonal patterns were examined for these means and for means of percentage of parasitism of fourth instars, by using both the Julian dates and the number of degree-days (DD) accumulated for the midpoints of individual weekly censuses. Degree days were estimated as the sum of positive differences between the mean of daily high and low temperatures, and a minimum threshold temperature of 8.9ЊC for both the cereal leaf beetle and the parasitoid (Helgesen and Haynes 1972 , Gage and Haynes 1975 , Nechols et al. 1980 , Lampert and Haynes 1985 .
Peak larval densities in Þelds of barley versus wheat were compared among years using two-way analysis of variance (ANOVA) after taking the square-root transformation of mean densities for individual Þelds. Similarly, two-way ANOVA was used to compare levels of parasitism (after arcsine square-root transformation; Sokal and Rohlf 1995) in barley versus wheat Þelds among years, both early in the season (in late MayÐ early June) and again in mid-to late June (when overall rates of parasitism sank to their lowest levels, before rebounding with the emergence of second generation female parasitoids). These analyses of rates of parasitism were restricted to the years 2001Ð2005 (rates of parasitism were not assessed at these times in 2000). Patterns across years in mean levels of infestation by, and parasitism of, O. melanopus larvae at given times of the season (in Þelds of barley, wheat, and oats combined) also were analyzed by Spearman rank correlation of larval density or percentage of parasitism in individual Þelds against the year of study. All statistical analyses were completed using SAS (SAS Institute 2002).
Results
Seasonal Patterns of O. melanopus. Eggs were already numerous on the host plants at the Þrst census in May each year; peak numbers of eggs were laid in mid-to late May (Fig. 1) . Beetle oviposition gradually decreased thereafter through June. By early July, very few eggs were laid, and egg-laying ceased altogether by mid-July. Larvae Þrst occurred on the plants by mid-May, and larvae typically peaked in abundance in early June. Thereafter, larval populations declined in abundance over several weeks, and larvae were largely gone from host plants by mid-July.
Degree-day accumulations accounted well for variation among years in the seasonal development of beetle populations. Larvae Þrst occurred on plants each year between 40 and 100 DD (Fig. 2) . Larval abundance rose rapidly between 100 and 200 DD, and larvae peaked in their abundances at accumulation of 200 Ð230 DD. Densities declined gradually thereafter such that almost all larvae were gone from the plants by 600 DD (Fig. 2) .
Phenological patterns of infestations of O. melanopus larvae were similar in barley, wheat, and oat Þelds within individual years (Fig. 3) . A comparison of peak larval densities in barley and wheat Þelds each year (i.e., in early to mid-June; Fig. 4 Seasonal Patterns of Larval Parasitism. Mean parasitism of O. melanopus larvae varied between 20 and 65% among years at initial sampling in late May or early June, when heat accumulations had reached 150 Ð200 DD (Fig. 2) . At this time, the number of O. melanopus larvae on the plants was still increasing. Mean levels of parasitism declined thereafter, dropping to very low levels (5Ð10% or less) a week or two after O. melanopus larval densities peaked on the plants (i.e., in the latter half of June, when heat accumulation had reached 280 Ð350 DD; Fig. 2) . Rates of parasitism climbed very rapidly late in the season, with rates reaching 80 Ð100% among late maturing O. melanopus larvae in early to mid-July (i.e., 500 Ð 600 DD; Fig. 2 ).
Seasonal patterns of larval parasitism in barley, wheat, and oat Þelds were similar within a given year (Fig. 3) . In particular, two-way ANOVA of rates of parasitism across years in barley versus wheat Þelds reveals no signiÞcant difference between these two crops either at high rates of parasitism early in the season (two-way ANOVA of arcsine square-root transformed percentage of parasitism, with type III sums of squares, at Þrst census for parasitism from 2001 to 2005: effect of crop, F 1,146 ϭ 1.31, P ϭ 0.26; effect of year, F 4,146 ϭ 5.97, P ϭ 0.0002; interaction of crop ϫ year, F 4,146 ϭ 1.05, P ϭ 0.38), or at the very low rates of parasitism that occurred 2 to 3 weeks later (two-way ANOVA of arcsine square-root transformed percentage of parasitism, with type III sums of squares: effect of crop, F 1,171 ϭ 1.79, P ϭ 0.18; effect of year, F 4,171 ϭ 4.02, P ϭ 0.004; interaction of crop ϫ year, F 4,171 ϭ 0.43, P ϭ 0.78).
Rates (Helgesen and Haynes 1972; Haynes et al. 1973; Fulton and Haynes 1975, Gage and .
Clear and consistent differences in phenology and severity of O. melanopus infestation were not apparent between Þelds planted to barley or oats (mostly in the spring) and Þelds planted to wheat (mostly in the previous fall). Such may not be too surprising, given that O. melanopus is a polyphagous species that feeds on many species of grasses (Staines 1997) . Nonetheless, one might have expected spring barley and oats generally to be more heavily infested than wheat planted the previous fall, given the beetleÕs preference for young host tissue (Ruppel 1972 , Dysart et al. 1973 ; also see Lampert and Haynes 1985) . Other factors, however, such as wet weather in April and May that delays planting of spring grains (e.g., as occurred in 2005), as well as stand density and soil properties (Honě k 1991), also inßuence the degree of O. melanopus infestation in a given Þeld of small grains.
As a host-speciÞc parasitoid of O. melanopus and closely related species (Dysart et al. 1973) , T. julis seems well synchronized in its phenology with that of its host. Adults of the parasitoid have been reported previously to begin emerging and ovipositing in the Þeld as soon as O. melanopus start hatching from eggs (Dysart et al. 1973, Gage and . The parasitoid lays eggs in all larval stages of the host (Dysart et al. 1973) . Harcourt et al. (1984) found all four host instars to be roughly equally parasitized in the Þeld, suggesting that the parasitoid oviposits primarily in young larvae. Interestingly, we consistently found highest rates of attack by overwintering (i.e., Þrst generation) females of T. julis at our Þrst census for parasitism each year (in late MayÐ early June), with percentage of parasitism steadily declining thereafter. This basic result was observed in all three crops (barley, wheat, and oats), with little difference apparent in either the phenology or intensity of parasitism among the three crops (such is perhaps to be expected, given that adults of the parasitoid seem to disperse readily among Þelds; Gage and Haynes 1975 , Harcourt et al. 1977 , Ellis et al. 1988 . This strong seasonal pattern may reßect that the ratio of these parasitoid females to host larvae is highest relatively early in the egg-hatching period of the host. Thus, we observed peak rates of parasitism to occur in some years (e.g., 2005) well before larval densities of O. melanopus larvae peaked on the host plants.
As noted previously in eastern North America Haynes 1975, Logan et al. 1976) , we observed very high rates of parasitism among the relatively few O. melanopus larvae that developed late in the season, with rates approaching 100% for censuses in July of each year. These high rates may largely reßect the activity of newly emerged, second generation females of T. julis, as suggested by the very rapid increase in rate of parasitism after the extremely low levels to which parasitism dropped in mid to late June (by which time presumably most Þrst generation females had died). It is also possible, however, that parasitized larvae developed more slowly than nonparasitized larvae, thus inßating rates of parasitism among the larvae that still persisted late into the year.
Overall, the parasitoid killed a very substantial number of O. melanopus larvae each year. Especially high rates of parasitism were observed in 2005, suggesting that the impact of T. julis on the host was continuing to grow 12 yr after the Þrst introduction of the parasitoid to Cache Valley (in 1993) . This is most readily apparent in the increase from 2001 to 2005 in the minimum rate of parasitism occurring in mid season each year (which reßects the ratio of parasitoid females [those of the Þrst generation still surviving ϩ those of the second generation Þrst emerging] to beetle larvae). Coincident with the increasing impact of . Thus, the long-term potential of the parasitoid to consistently contain and/or further depress population densities of its host remains to be determined.
Although Þeld results to date are encouraging for the continued increase in numbers of T. julis and its impact on O. melanopus in northern Utah, the pace of such increase has not been as rapid as that observed in Ontario in the 1970s and 1980s (Harcourt et al. 1977 , Ellis et al. 1988 ). As Harcourt et al. (1977) and Ellis et al. (1988) point out in contrasting the results of parasitoid releases in Ontario with previous results from Michigan, cultivation practices may inßuence greatly the long-term dynamics of introducing T. julis as a biological control agent of O. melanopus. Thus, the more rapid pace with which the biological control program proceeded in Ontario may reßect that most Þelds are not plowed or disked annually; such practices are highly detrimental to the soil-dwelling pupae of the parasitoid (Haynes et al. 1973, Leibee and Horn 1979) . In our study area in northern Utah, as in Michigan (Haynes et al. 1973 ), most growers disk or plow their Þelds each year. Nonetheless, our results mirror earlier experiences in eastern North America (Logan et al. 1976 , Ellis et al. 1988 , in indicating that T. julis is able to increase in numbers and distribution, even in the relatively hostile setting of small grain Þelds that are plowed and disked annually. This in turn raises the prospect that the impact of this parasitoid on O. melanopus populations in Utah may continue to grow over an extended period of years, much as has been observed in other hostÐparasitoid interactions in classical biological control (Harcourt 1990 , Shoubu et al. 2005 .
